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Palpigrades comprise a poorly known group of arachnids found in caves and soil 
from numerous localities worldwide. Prior and preliminary studies have suggested 
arthropods and cyanobacteria as possible diet items of these organisms. This current study 
uses DNA sequencing to identify contents of the digestive tract of eleven palpigrade 
specimens, Eukoenenia florenciae (Rucker) from Val Verde County, Texas. Three universal 
primer sets were used to target the COI region of arthropods, the 16S rRNA of cyanobacteria, 
and the ITS region of fungi. Additionally, a blocking primer was designed to prevent 
amplification of the palpigrade DNA itself. DNA from these specimens was extracted, 
amplified by PCR, and then sequenced using an Illumina MiSeq platform. Sequences were 
compared to the NCBI GenBank nucleotide database. The presence of arthropods, 




TABLE OF CONTENTS 
Page 
DEDICATION ...................................................................................................................................... iii 
ACKNOWLEDGEMENTS .................................................................................................................. iv 
ABSTRACT .......................................................................................................................................... vi 
TABLE OF CONTENTS ..................................................................................................................... vii 
LIST OF TABLES .............................................................................................................................. viii 
INTRODUCTION .................................................................................................................................. 1 
MATERIALS & METHODS ................................................................................................................. 6 
Specimen collection. .......................................................................................................................... 6 
Study site. ........................................................................................................................................... 6 
Preliminary study and results. ............................................................................................................ 6 
Specimen decontamination. ................................................................................................................ 9 
Specimen dissection. .......................................................................................................................... 9 
Blocking primer design. ................................................................................................................... 10 
DNA extraction and PCR amplification. .......................................................................................... 14 
DNA sequencing. ............................................................................................................................. 14 
Data analysis and taxonomic assignment. ........................................................................................ 15 
RESULTS ............................................................................................................................................. 16 
Arthropods. ....................................................................................................................................... 16 
Cyanobacteria. .................................................................................................................................. 17 
Fungus. ............................................................................................................................................. 18 
DISCUSSION ...................................................................................................................................... 21 
Feeding method ................................................................................................................................ 22 
Limitations of the study .................................................................................................................... 22 
Database bias. ................................................................................................................................... 23 
LITERATURE CITED ......................................................................................................................... 28 





LIST OF TABLES 
Table            Page 
1. Specimens Examined……………………………………………………..….....7  
2. Primers Used……………………………………………………………….……8 




The micro-whip scorpions or “palpigrades” are assigned to the order Palpigradi in the 
Class Arachnida (Beccaloni 2009). They were first described by Grassi & Calandruccio 
(1885) from Italy and assigned to the order Microteliphonida; this name was changed in 1888 
by Thorell to Palpigradi (Harvey 2002). This group of minute arthropods was the last 
arachnid order discovered, remains the least well known group of arachnids, and is thought to 
be the most primitive (Savory 1964; Kral et al. 2008). There are currently over 90 species 
comprising six extant genera assigned to two families with a single monotypic fossil genus 
(Rowland & Sissom 1980; Giribet 2014). They are found in soils or caves from all continents 
except Antarctica (Harvey 2013). Several authors have described these creatures as 
“enigmatic” (Harvey 2002; Ferreira et al. 2011; Smrž et al. 2013; Giribet et al. 2014). Due to 
their minute size, cryptic behavior, and the difficulty of maintaining live specimens in the 
laboratory, knowledge of these animals’ behavior and ecology remains quite limited. 
Specimens are very small, ranging from 0.65 mm - 2.4 mm in length. They are lightly 
pigmented and exhibit a white to pale yellow coloration. Numerous setae that protrude from 
the body aid this blind arachnid in sensory reception (Savory 1964). They possess a relatively 
long flagellum that can be observed moving horizontally and vertically in the air as the 
organism moves about and is thought to aid in stimulus detection (Beccaloni 2009). Another 
unique feature of this group is revealed by the etymology of its name. The Latin word 
“palpo” translates as “to feel one’s way” and “gradus” means “step by step”. This refers to 
__________ 
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the method in which the animal uses the first walking legs to touch in a seemingly sensory 
fashion and moves along on its pedipalps and other three walking legs (Savory 1964). 
Palpigrades are the only arachnid group known to exhibit this configuration of limb 
arrangement in conjunction with its locomotor activities. The chelicerae of the organism are 
thought to function in prey capture and are used in a comb-like fashion for grooming the 
legs, pedipalps and flagella. These features contribute to the array of characteristics that 
make these organisms unique among the minor arachnid groups.  
The presence of palpigrade specimens along the upper Devils River in Val Verde 
County in southwest Texas became known in 2010. The study site is located on the Big Oak 
River Ranch (BORR) which is owned by Dr. Bob LeGrand, of San Angelo. Collecting 
efforts were found to be most productive only following periods of moderate to heavy 
rainfall. Specimens collected from this locality were recently sequenced and included in the 
first phylogenetic analysis of this order (Giribet et al. 2014). Regions on three genes were 
examined. These included the complete 18S rRNA gene, 2.2kb of the 28S rRNA gene, and 
the mitochondrial cytochrome c oxidase subunit 1 (COI) gene. Results uindicate the 
assignment of these Val Verde County specimens to the genus Eukoenenia (Grassi & 
Calandruccio, 1885) and conspecific with three other Eukoenenia populations from Mexico; 
Brazil, and Slovakia. Giribet et al. (2014) support the assignment of these four populations to 
Eukoenenia florenciae (Rucker, 1903) based on near identical sequences for the 18S, 28S, 
and COI genes (Giribet et al. 2014). This species was first described by Rucker (1903) from 
specimens collected from soil under a cedar hedge in Bonham, Texas. The presence of these 
palpigrades in Texas was thought to be the result of human activity (Rucker 1903). This 
species has apparently spread on other occasions as well and has a worldwide distribution 
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(Christian & Christophoryova 2013). No males have yet been identified for this species. This 
complicates an in depth species comparison as it prevents a full characterization of this 
taxon. Additional collections and further genetic sequencing are necessary to provide a 
definitive taxonomic assignment of specimens from the Val Verde county population.   
Due to the almost universal use of carnivory among other arachnid orders, earlier 
workers proposed that palpigrades also exhibited predatory feeding habits. This premise is 
also supported by a report by Conde (1996) in which he noted personal observations by P. 
Weygoldt of captive palpigrades capturing small collembolans with their chelicerae. A more 
recent study by Smrž et al. (2013) on Eukoenenia spelaea (Peyerimhoff, 1902) from 
Ardovská Cave in Slovakia has resulted in the need for a further examination of the overall 
feeding habits of the palpigrades. Seventeen specimens of E. spelaea were examined over the 
course of one year using histological methods. A scanning electron microscope was also used 
to obtain images for analysis. The results of their study indicate that E. spelaea is consuming 
cyanobacteria. This was determined both by the visual evidence of the single-celled 
cyanobacteria Chroococcidiopsis, as well as evidence of guanine metabolites from 
cyanobacterial metabolism (Smrž et al. 2013). Results of the study by Smrž et al. (2013) 
were both unexpected and significant in that it revealed the first evidence supporting a known 
food source for an individual species of palpigrade. 
 The specimens from the BORR are found directly in the soil surrounding the river 
banks near several springs that feed into the upper Devils River. The BORR collection site is 
a riparian environment partially shaded by large oak trees. This relatively open air habitat is 
considerably different from the cave habitat of the Smrž et al. (2013). It does not seem likely 
that the highly adapted cave-dwelling genus of cyanobacteria, Chroococcidiopsis, is present 
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at the BORR collection site but considering that “…cyanobacteria occur virtually in every 
terrestrial habitat on our planet” (Rindi 2007) there are likely other genera present. Many 
small arthropods, such as springtails and fungal hyphae have been found with palpigrades at 
the BORR collection site. If palpigrades feed on any or all of these items, fragments of those 
items would be present in the palpigrade’s digestive tract and could be both detected and 
identified using molecular techniques. 
The advent of more recently developed molecular techniques facilitates an innovative 
approach to this group’s feeding behavior. A recent study by Eitzinger et al. (2013) on 
centipede dietary analysis demonstrated the use of a PCR assay that targeted 12 different 
prey species or groups. The gut contents of lithobiid centipedes were analyzed using a PCR 
assay that was designed to be broad enough to capture the centipede’s potentially 
“generalist” diet but with enough specificity to provide relevant prey information. The 
primers used in the above study were a combination of species-specific and group-specific 
assays designed to target prey items and organisms found in the same soil as the centipedes. 
The primers were developed and then tested on the gut content of the centipede. Results 
indicated the assay had high specificity and sensitivity to the target species. The present 
study on E. florenciae expands this principle of analysis by Eitzinger et al. (2013) to examine 
the diet of palpigrades.  
 The application of PCR assay for understanding the diet of palpigrades is also 
supported by the study of Remen et al. (2010) on the gut content analysis of oribatid mites. 
The size of a mite is much closer to the size of a palpigrade and can provide additional 
insight into the preparation of palpigrade specimens for gut content analysis.  Due to the 
palpigrade’s minute size and unknown feeding strategies, this current study would be 
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expected to encounter obstacles similar to those in the mite study. The mites being tested 
were known fungivores and therefore had the potential to be contaminated with the targeted 
food source. To address low DNA amounts and body surface contamination, the authors 
suggest dissecting out the gut and pooling the content from multiple individuals, and using a 
wash solution to remove foreign DNA. This current investigation incorporated 
decontamination and dissection but did not pool gut contents from multiple specimens.  
Metabarcoding is a method that allows for rapid detection of species from a mixed 
sample of DNA sequences (Pompanon et al. 2012; Ji et al. 2013; Clare 2014; Cristescu 
2014).  This relatively new technique has been utilized for numerous studies, including 
environmental diversity surveys of plants and animals (Bohmann et al. 2014; Yang et al. 
2014; Thomsen & Willerslev 2015; Fahner et al. 2016; Shaw et al. 2016), forensic analysis 
(Staats et al. 2016), and dietary analysis from fecal pellets (Clare et al. 2009; Hope et al. 
2014), gut contents (Leray et al. 2013), and even external sources, such as spider webs (Xu et 
al. 2015). An increasing number of diet analysis studies have used next generation or high 
throughput DNA sequencing to analyze the diets of bats (Clare et al. 2009; Hope et al. 2014), 
invertebrates (Eggs et al. 2013; Saitoh et al. 2016), fish (Leray et al. 2013), as well as 
microbial populations in humans (Gill et al. 2006) and ruminates (Kartzinel et al. 2016).  
The objective of this current study was to test for the presence of DNA from 
arthropods, cyanobacteria, and fungi within the palpigrade's digestive system using high-




MATERIALS & METHODS 
Specimen collection.-Collections used in this study were made in June and October 
of 2015. Sampling included sieving with a wire screen for live specimens. The most 
productive areas were in the upper several centimeters of the soil, just beneath the leaf litter. 
Once located, specimens (Table 1) were trapped using a small, damp detailing paintbrush, 
transferred to a cryotube, and then frozen in liquid nitrogen. Sieving for live specimens 
proved to be the most effective method of collecting and was consistently used during this 
study.  
Study site.-All collections were made along the banks of a small tributary of the 
Devils River, near Bakers Crossing in Val Verde County, Texas (29°56ʹ07ʺN, 101°05ʹ13ʺW, 
elevation 1456ft./444m). This area is dominated by karst topography and limestone outcrops. 
The soil is a “gravelly loamy alluvium” (NRCS Web Soil Survey, 
https://www.nrcs.usda.gov). Access to the study site (Big Oak River Ranch) was granted by 
permission of the owner, Dr. Robert LeGrand of San Angelo, Texas.    
Preliminary study and results.-A preliminary analysis was conducted to assess the 
feasibility of the proposed methods. Two palpigrade specimens were decontaminated and 
DNA was extracted from the entire organism. The DNA concentration was quantified using a 
Qubit fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). The DNA samples were 
then sent to the RTL Genomics Lab, Lubbock, Texas for PCR amplification. Universal 
primer pairs, ZBJ-ArtF1c/ZBJ-ArtR2c (Zeale et al. 2011), and Cyan359F/Cyan781R (Nübel 
et al. 1997) were used to target the barcoding regions COI and 16S rRNA respectfully, to test 
for arthropods and cyanobacteria (Table 2). 
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Table 1. Samples used to investigate the diet of Eukoenenia florenciae in this study and the 
description of the DNA preparation. All specimens were collected along the bank of a small 
stream feeding into the Devils River at the Big Oak River Ranch, south of Bakers Crossing, 
Val Verde County, Texas. Specimen labels reflect the specimen number for that collection 
followed by the month of the collection in roman numerals and finally the last two digits of 
the year. For example: P9vi15 was the ninth palpigrade collected in June of 2015. Sample 5 
(P8WR) consisted of the rinse water from sample #4 and was used as a control to test the 
disinfecting and rinsing methods.  
Sample Label Date Collected Description 
a P9vi15 16 June 2015 Disinfected, whole extraction (Preliminary run) 
b P11vi15 16 June 2015 Disinfected, whole extraction (Preliminary run) 
1 P3vi15 16 June 2015 Disinfected, whole extraction 
2 P4vi15 16 June 2015 Disinfected, whole extraction 
3 P7vi15 16 June 2015 Not disinfected, whole extraction 
4 P8vi15 16 June 2015 Rinsed with water, whole extraction 
5 P8WR (16 June 2015) Rinse water from #4, Specimen 8 
6 P13x15 17 October 2015 Disinfected, dissected, gut extraction 
7 P9x15 17 October 2015 Disinfected, dissected, gut extraction 
8 P10x15 17 October 2015 Disinfected, dissected, gut extraction 
9 P11x15 17 October 2015 Disinfected, dissected, gut extraction 




Table 2. Forward and reverse primer sequences used for PCR amplification of gut contents of 
Eukoenenia florenciae. Arthropod-specific primers were used to target the cytochrome 
oxidase I (COI) gene, ZBJ-ArtF1c/ZBJ-ArtR2c (Zeale et al. 2011) for the preliminary study 
and LepF1/MLepFF1-Rev for the secondary study (Hebert et al. 2004; Brandon-Mong et al. 
2015). The primers Cyan359F and Cyan781R were designed specifically to amplify the 16S 
ribosomal subunit of cyanobacteria (Nübel et al. 1997). The primers ITS3F and ITS4R, 
designed by White (1990), were used to amplify the internal transcribed spacer (ITS) operon 
of fungus. Primers are denoted as forward or reverse by the letters ‘F’ or ‘R’ in the name. 
*(3 = with a Spacer C3 at the 3'end) 
 
  










    
Cyan359F GGGGAATYTTCCGCAATGGG 16S 
rRNA 379 Cyan781R GACTACWGGGGTATCTAATCCCWTT 
    
ITS3F GCATCGATGAAGAACGCAGC ITS rRNA 
operon 330 ITS4R TCCTCCGCTTATTGATATGC 
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The samples were sequenced using the Illumina MiSeq platform and the sequences were 
processed through the RTLGenomics bioinformatics pipeline (Research and Testing 
Laboratories, Data Analysis Methodology version 2.2.4). The results warranted the need for a 
blocking primer and inclusion of the internal transcribed spacer (ITS) region of the fungus 
genome as an additional target gene. An annealing blocking primer is designed to be species 
specific and prevents the study species from amplifying (Vestheim & Jarmon 2008; Leray et. 
al 2013) allowing other arthropods that might be present in the gut to amplify instead.  
Specimen decontamination.-Prior to DNA extraction, specimens were 
decontaminated. The specimens were washed in a 2.5% bleach solution (Greenstone et al. 
2005) for 15 minutes on an auto-rocker. They were then rinsed for 15 minutes using distilled 
water to prevent bleach from inhibiting further reactions. Two samples were not washed in 
order to test the effect of the decontamination process on subsequent DNA sequence results. 
One of these samples was instead rinsed three times with distilled water. This rinse water was 
then treated as a sample and run through the extraction, PCR, and sequencing steps. The 
other sample was not rinsed in bleach or water, allowing for any foreign DNA on the external 
surface of the palpigrade to be amplified.   
Specimen dissection.-Due to their very small size, initial attempts to dissect and 
remove the digestive tract from the palpigrade were unsuccessful. Instead, the entire 
palpigrade specimen was used for each DNA extraction. Successful dissections later allowed 
for five samples of isolated digestive tract that were extracted, amplified, and then 
sequenced. The dissection protocol established is summarized below. All tools were 
sterilized in a UV CrossLinker (Thermo Fisher Scientific, Waltham, MA) for three minutes 
on each side and surfaces were disinfected with 10% bleach solution before use. Following 
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disinfection the specimens were transferred to sterile Phosphate Buffered Saline (PBS) 
solution (Andrews 2013). A microdissection dish was made with black silicone sealant in a 
small plastic petri dish and dissections were completed under a Wild Heerbrugg Stereo 
dissecting microscope (Wild Heerbrugg AG, Heerbrugg, Switzerland) with the aid of 
external light sources. Three minuten insect pins (BioQuip, Rancho Dominguez, CA, USA) 
were inserted into the specimen, at the prosoma and both ends of the opisthosoma to hold it 
in place. The cuticle of the opisthosoma was then split down the mid-sagittal plane with a 
tungsten needle and pinned back with two minuten pins (BioQuip, Rancho Dominguez, CA, 
USA). The contents within the opened opisthosoma were scraped out and pipetted into a 
microcentrifuge tube for DNA extraction. The cuticle and remaining structures of the 
palpigrade were transferred to 70% ethanol for permanent storage.    
Blocking primer design.-For whole specimen DNA extraction, the gut contents 
comprise a very small percentage of the genetic material present in the DNA sample. 
Consequently, it was possible that any DNA from food items might not be amplified because 
of the overwhelming presence of the palpigrade DNA. In the preliminary run, 99.68% of the 
sequence reads were those of E. florenciae. In order to decrease the amount of palpigrade 
DNA present and increase the likelihood that any prey/food DNA would amplify, a species-
specific annealing blocking primer was designed to block the palpigrade DNA. An annealing 
blocking primer binds to the target region, overlapping the reverse primer binding site and 
blocking it from annealing. Since the reverse primer can no longer bind to the DNA, that 
fragment will not be amplified and the amount of palpigrade DNA sequence that is produced 
is reduced (Vestheim & Jarmon 2008; Leray et al. 2013).  
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The COI universal barcode primers ZBJ-ArtF1c/ZBJ-ArtR2c (Zeale et al. 2011) were 
aligned to a 654 bp COI sequence for E. florenciae (GenBank entry KF 823880.1) in 
MEGA7 (Kumar et al. 2016) using ClustalW and adjusted by eye. This sequence was 
selected because it was from a specimen collected at the same locality as this current study. 
Two barcode sequences from the preliminary run were then also aligned to the GenBank 
reference sequence of Eukoenenia florenciae to confirm that the primer position was correct. 
The reverse complement of the reverse primer (MLepF1-Rev) was then aligned to the 
GenBank reference sequence to identify an appropriate location for an annealing blocking 
primer. The blocking primer was designed following the criteria outlined in Leray et al. 
(2013). Several COI sequences from arthropods (n=66) were downloaded from GenBank. 
The sequences chosen were the top 45 GenBank matches to Eukoenenia florenciae as well as 
species commonly seen in the litter samples from the study site. The sequences were aligned 
in MEGA7 (Sudhir et al. 2016) using ClustalW and adjusted by eye.  
The entropy (Hx) was calculated using the BioEdit software program, version 7.2.5 
(Hall 1999). This program evaluated the nucleotide composition at each base pair site. Sites 
that are conserved (the base is the same for all sequences) have an entropy value of 0, sites at 
which all nucleotides are equally represented (with a frequency of 0.25) have an entropy 
value of 1. This process identified sites that were highly dissimilar within the universal 
primer binding site in order to decrease the likelihood that the blocking primers would bind 
to non-target DNA and would preferentially bind to palpigrade DNA. The plots were 
evaluated for a site of maximal entropy at the 3’ end approximately 15-19 bp “upstream” 
from the start of the universal primer (Figure 1). Blocking primers were designed at potential 
sites as the reverse complement of the reference sequence. These were then evaluated in 
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OligoAnalyzer (available free on www.idtdna.com) for GC content, melting temperature, and 
secondary structures. The blocking primer chosen, Eflorenciae_Block, 5’ATGCTATATCAG 
GACATCCTAATATTAAG3* 3’ was the optimal combination of all criteria considered (the 
character, 3*, represents a C3 spacer added to the 3’ end). It starts at site 204, has an overall 






Figure 1. Entropy at each site for an alignment of 66 arthropod COI barcode region 
sequences. The sequences chosen for the alignment were highly similar to or known to occur 
with the Val Verde County population of Eukoenenia florenciae. Graph shows a 71 bp  
region downstream of the universal primer, MLepF1-Rev, binding site. The blocking primer 
chosen, Eflorenciae_Block, starts at site 204 and spans 29 base pairs, overlapping the 3ʹ end 





DNA extraction and PCR amplification.-Specimens were extracted following the 
Blood and Tissue protocol (07/2006) of the Qiagen DNeasy extraction kit (Valencia, CA) 
resulting in two elutions. The DNA concentration was measured using a Qubit fluorometer 
(Thermo Fisher Scientific, Waltham, MA).  The elution of extracted DNA with the highest 
concentration was sent to the Genomics Core lab at Texas A&M Corpus Christi. The COI 
primers, LepF1/MLepF1-Rev (Brandon-Mong et al. 2015) were chosen instead of ZBJ-
ArtF1c/ZBJ-ArtR2c for the final portion of this study. This change was supported because 
these new primers were found to be more effective at detecting arthropods when compared to 
several other COI barcoding primers and their target region encompassed the 157bp that was 
amplified during the preliminary part of this study (Brandon-Mong et al. 2015). The 16S 
rRNA region was amplified using the primer pair Cyan359F/Cyan 781R (Nübel et al. 1997) 
and the internal transcribed spacer (ITS) was amplified using the primer pair ITS3F/ITS4R 
(White 1990). The conditions and reagent concentrations used for PCR amplification are 
summarized in Appendix 1. Following amplification the reactions were combined for 
sequencing.  
DNA sequencing.-The samples were sequenced on an Illumina Miseq. This platform 
uses reversible-terminator sequencing by synthesis technique (McElhoe et al. 2014). Paired 
end sequencing (2x250) was used which sequences the fragments in both the 3' to 5' direction 
and the 5' to 3' direction, allowing for a higher quality read (Shendure 2008; Ansorge 2009; 
McElhoe et al. 2014). Both the preliminary and final datasets were sequenced using the 
Illumina Miseq platform with slight differences in how the samples were organized. The final 
dataset was processed through the Bioinformatics pipeline at the Texas A&M Corpus Christi 
Genomics Core Lab (C. Bird, Director, Genomics Core Lab, Corpus Christi, Texas).  
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Data analysis and taxonomic assignment.-Sequences were first separated by each 
genetic marker (ITS, COI, 16S).  Sequences were then filtered to remove PCR errors, low 
quality sequence reads, and chimera sequences. Operational taxonomic units (OTUs) were 
created by clustering sequences with 97% similarity (Hao et al. 2011). A representative 
sequence from each OTU was then queried on GenBank for taxonomic assignment. Results 
were filtered down to those that had a query cover of at least 80% and a species identity of at 
least 97%. For a more stringent evaluation, a filter of 100% query cover, 97% identity and 
100% query cover, 98% identity were also applied. The initial query cover criteria of 80% 
was chosen based on recommendation from the Core Genomics Lab. A 97% identity match 
is a generally accepted value for species level identification (Leray & Knowlton 2015).   




Arthropods.-The presence of Eukoenenia florenciae and other arthropod sequences 
were confirmed by results from the COI gene. From the two preliminary samples there were 
53,866 quality sequence reads from the COI dataset. In this dataset, there were 28 total 
OTUs, three of them were less than 160bp and did not match any entries in GenBank, one 
OTU with 4 sequence reads in sample a (P9vi15) had a low match to a fungus species, one 
OTU with 18 sequences from sample a and 15 sequences in sample b (P11vi15) matched 
equally to three aphid species and the remaining 23 OTUs, with 53,805 sequences between 
both samples, matched to E. florenciae. 
In the COI dataset from the secondary study, there were a total of 8,843 sequence 
reads divided into 1,162 OTU clusters. Filtering down to those with a query cover ≥ 80% and 
a BLAST sequence ID ≥ 97% narrowed the dataset to 4,524 reads and 89 OTUs. These 89 
OTUs matched ten unique species: Eukoenenia florenciae, Blatella germanica (German 
cockroach), Harmonia axyridis (Harlequin ladybird beetle), Zelus renardii (Leafhopper 
assassin bug), Elephas maximus (Asian elephant), Cerebratulus longiceps (ribbon-worm), 
Coccinella spetempunctata (Seven-spot Ladybird beetle), Olcella trigramma (grass fly), 
Acheta domesticus (House cricket), and Anser canagica (Emperor goose). OTUs matching to 
Eukoenenia florenciae were present in all but one sample. Anser canagica and Elephas 
maximus are likely contaminants and Cerebratulus longiceps is likely a misidentification on 
GenBank. These three artifacts are further explicated within the discussion. The other species 
are all small arthropods with distributions encompassing the study site. Ecologically, they 
could feasibly be considered food items. Three species: Blatella germanica, Zelus renardii 
and Coccinella spetempunctata were each only found in one sample. Acheta domesticus was 
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found in two samples and three species, Harmonia axyridis, Olcella trigramma, and 
Cerebratulus longiceps, were each repeated in three samples.   
When the filtering criteria was increased to 100% query cover, 97% species identity, 
five of the insect species: Blatella germanica, Coccinella spetempunctata, Harmonia axyridi, 
Acheta domesticus, Olcella trigramma, as well as Anser canagica, Cerebratulus longiceps, 
and Eukoenenia florenciae remained. This more stringent criterion adds further confidence to 
the taxonomic assignments. 
Cyanobacteria.-Bacterial DNA was detected using the 16S primer assay. In the 
preliminary 16S dataset, there were 114 quality sequence reads. These divided into two 
OTUS. One OTU had six sequences (from sample b) that matched equally to several 
chloroplast entries. The other OTU had 108 sequences (from sample b) that matched equally 
to a cyanobacteria, Arthrospira platensis, an uncultured bacterium clone, and a chloroplast 
from the green algae genus Scenedesmus.  
From the secondary study, there were a total of 613 sequence reads divided into 346 
OTU clusters. Filtering down to those with a query cover ≥ 80% and a BLAST sequence ID 
≥ 97% narrowed the dataset to 31 reads and 18 OTUs. The majority of these reads were 
found in sample 3, the unwashed specimen. The bacteria species matched to both Gram 
positive and Gram negative bacteria: Pseudonocardia endophytica, Pseudonocardia 
petroleophila, Bacillus cereus, Bacillus cihuensis, and Staphylococcus capitis which are 
commonly found in the environment (Table 3). There were also sequence reads found in two 
other samples. However, a confident taxonomic identification could not be made for these 
due to the fact that they matched to several database entries to eukaryotic chloroplast and 
cyanobacteria sequences equally.   
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Fungus.-The fungal ITS region was not targeted in the preliminary study, therefore 
all ITS results are only from the final study. There were a total of 3,396 sequence reads 
divided into 2,380 OTU clusters. Filtering down to those with a query cover ≥ 80% and a 
BLAST sequence ID ≥ 97% narrowed the dataset to 24 reads and 11 OTUs. The sequences 
remaining after filtering were from only three samples; remaining samples did not have any 
sequences with matches to a species entry on GenBank with greater than 97% identity. From 
the OTUs, four species of fungus were identified: Talaromyces amestolkiae, Lecanicillium 
sp. (equivalent match to both L. saksenae and L. psalliotate), Cladosporidium 
sphaerospermum and Malasseiza restricta. Each of these species occurred in two samples 
and Cladosporidium sphaerospermum occurred in three samples.   
 Talaromyces amestolkiae is a common cosmopolitan sac fungus that has been 
cultured from both indoor and outdoor locations. Talaromyces amestolkiae and other 
members of the Talaromyces genus are common in soil (Yilmaz et al. 2014). Members of the 
Lecanicillium genus are entomopathic fungi. They naturally infect insects and are commonly 
used in commercial pesticides. Cladosporidium sphaerospermum is a common mold species 
that can be found on living and dead plant material (Zalar et al. 2007). OTUs that originally 
matched to “Fungal endophyte” entries also had a high, 99%, identity match to this species. 





Table 3. Taxonomic identification of sequences from molecular diet analysis from specimens 
of the palpigrade Eukoenenia florenciae. Samples a, b, 1, and 2 are disinfected, whole 
palpigrades; sample 3 was not disinfected, sample 4 was rinsed with sterile water, sample 5 
was the collected rinse water used on sample 4, and samples 6-10 were the dissected 
digestive tracts from disinfected palpigrades. Species identification of the OTUs (Operational 
Taxonomic Units) that had query coverage greater than or equal to 80% and identity match 




Sample COI 16S ITS 
    
a Eukoenenia florenciae Arthrospira platensis - 
   - 
b Eukoenenia florenciae - - 
 
Aphis spp. 
(Aphis craccivora,  
Aphis spiraecola,  
Aphis rumicus) 
- - 
    
1 
Eukoenenia florenciae - - 
Blatella germanica - - 
Harmonia axyridis - - 
Zelus renardii - - 
Elephas maximus - - 
Cerebratulus longiceps - - 
    
2 
Eukoenenia florenciae 
Unidentified, entry FQ683742.1  - Coccinella septempunctata 
Olcella trigramma 
    
3 
Eukoenenia florenciae Pseudonocardia endophytica 
- 
Olcella trigramma Pseudonocardia petroleophila 
Cerebratulus longiceps Bacillus cereus 
 Bacillus cihuensis 
 Staphylococcus capitis 
 Granulicatella para-adiacens - JF803551.1  
 bacterium WX65 - KC921189.1 
 Unidentified - FQ683641.1 
 unidentified bacterium - EF220533.1 




Talaromyces amestolkiae  
 Lecanicillium saksenae  
 Malassezia restricta 
 Fungal endophyte - KR017021.1  
    
5 Eukoenenia florenciae - - Anser canagica  






Cerebratulus longiceps  Malassezia restricta  
 Fungal endophyte- KR017021.1  
    
7 Harmonia axyridis - - Acheta domesticus 
    
8 
Eukoenenia florenciae Virgulinella fragilis  - 
 bacterium EA10-B11-13 - JF418020.1  
    
9 Eukoenenia florenciae - - 













The primary objective of this current study was to test for the presence of DNA from 
arthropods, cyanobacteria, and fungi within the palpigrade's digestive system using high-
throughput sequencing techniques.  Arachnids are known to predigest food items externally 
(Beccaloni 2009). Therefore, the DNA of food items that are consumed are already degraded 
before being ingested (Hereward & Walter 2012) but they are still expected to amplify for 
the relatively short (< 350 bp) barcoding regions that are targeted (Symondson 2002; Jurado-
Rivera et al. 2009). This current palpigrade study found that using both whole-extracted and 
gut-dissected specimens, miniscule amounts of partially digested food items could produce a 
DNA barcode that could be matched to a database. Sequences matching with an 80% query 
cover and 97% identity to organisms from all three proposed groups were identified. 
Although some studies exclude rare prey items from analysis (Brown et al. 2014), they can 
still provide information about the diet and its environmental implications (Clare 2014). 
Because there is very little known about the feeding habits of this group, all information is 
potentially valuable and this current study reports all taxa. More samples should be analyzed 
to increase the confidence in the actual presence of the sequences and a better understanding 
of the full breadth of the palpigrade’s diet.  
The species specific blocking primer, Eflorenciae_Block, was found to be effective in 
the secondary study, reducing the percentage of palpigrade sequences from 99.76% in the 
primary run to 42.22% in the final run. Because other conditions (different COI primers, the 
addition of the ITS primers, dissection of some specimens, and a different sequencing 
facility), were altered between primary and secondary runs, this decrease cannot confidently 
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be attributed solely to the blocking primer but it seems likely to have had a substantial 
contribution. 
Feeding method.-The adult stages of all the arthropod species identified are much 
larger than the palpigrades. In addition to the size difference, the thick protective elytra of the 
ladybird beetles, and the mobility of the fly, cricket and assassin bug would likely prevent the 
miniscule and more fragile palpigrade from preying on these organisms. Therefore if the 
palpigrade is in fact feeding on the adult forms of these species it is likely scavenging 
fragments of dead organisms in the soil. However, the larval stages or eggs of these insects 
have a much thinner exoskeleton or cuticle than in adult forms and are closer in size to 
palpigrades. They could feasibly be captured by the palpigrade. More observational studies 
appear warranted to address just how palpigrades are consuming the arthropods. 
Limitations of the study.-Much of the difficulty in the collection, dissection, and 
amplification of specimens is due to their very small size and elusive nature. Specimens 
which were returned to the laboratory for observation were unable to survive the artificial 
laboratory conditions. It appears that the optimal conditions required for survival are within 
very narrow limits. Based on observations of the natural environment, these abiotic 
conditions likely include a relatively high humidity with warm temperatures and low light 
levels. Observations of additional feeding behaviors are dependent upon additional efforts in 
maintaining living specimens in a laboratory setting. If possible, controlled laboratory 
feeding studies followed by sequencing would provide justification of the results presented 
here.   
Although this investigative technique is potentially very revealing, its limitations 
should also be addressed. A common recurring issue in molecular diet analysis studies is the 
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difficulty in distinguishing between primary prey and secondary prey species (Harwood et al. 
2001; Sheppard et al. 2005). For example, the assassin bug, Zelus renardii, is a known 
predator that feeds on other small insect eggs, larvae, and adults (Drees & Jackman 1998). 
Therefore the origin of a DNA sequence remains in question; it may represent a primary prey 
item or may have first been ingested another organism that was then ingested by the 
palpigrade.  
The state of the palpigrade at the time of collection must also be considered. Results 
could vary depending on how much time has passed since the palpigrade’s last feeding 
activity. The condition of the prey/food DNA degrades as digestion progresses and could 
limit the detection. This is especially relevant when considering that the digestion process 
begins externally.  
Database bias.-At this time, the NCBI GenBank houses nucleotide sequence entries 
for over 300,000 species. However, there are still many organisms that are not represented or 
identified, especially at lower taxonomic levels (Leray & Knowlton 2016). This seems to be 
particularly true for minute, soil-dwelling arthropods as well as bacteria and fungi. This issue 
can result in some degree of database bias during taxonomic assignment. If there is no entry 
in GenBank for the queried species then one cannot determine a species match. Any higher 
level taxonomic identification would depend on the relative similarities to sequences that are 
available in the database.  
Additionally, for the 16S and ITS databases, there are large amounts of “unknown” or 
“environmental sample” database entries. When a queried sequence matches these 
“unknown” entries, a species-level identification is not possible. If there is published 
documentation to support those sequences, then this information could still provide valuable 
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insight from their locality data or higher level taxonomic identification. The challenge, 
however, is that it remains possible to publish a sequence on GenBank without referencing 
the study from which it originated. Therefore many of these “unknown” or “environmental” 
sequences are from unpublished studies and have no accessible supporting information.  
High throughput sequencing has been shown to be able to sequence DNA in very 
small relative concentrations, “from a few nanograms to tens of micrograms” (Loman et al. 
2012), as well as DNA that is degraded or archived for a long period of time (Hykin et al. 
2015). Due to this sensitivity, it is also necessary to acknowledge the possibility of 
environmental or technician contaminants.  Results of this study yielded matches to elephant, 
ribbon worm, and goose DNA sequences, which were unexpected and not found at the study 
site. It is highly unlikely that these items represent prey items of the palpigrades.  The 
elephant DNA was almost certainly a contamination. After initial confusion it was realized 
that the DNA was likely introduced after handling stored museum specimens, including parts 
from an Asian elephant that originated from the San Antonio Zoo. This occurred the same 
day as the DNA extraction of the sample and apparently DNA was transferred from the 
author’s contaminated garments or gloves to the sample tube. The sequences were only 
recovered from one sample and were not present in the dataset filtered with the highest 
stringency (100% query cover, 97% sequence identity). The DNA that matched to goose was 
found only in the rinse water from the specimen that was not treated with a bleach solution. 
Upon further investigation it was revealed that the sequences actually matched equally to the 
common domestic chicken, Gallus gallus. There is not enough resolution to determine which 
fowl species it is but since these are both fairly common, and it only occurred in one of the 
unwashed samples, it is clearly a contaminant. 
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The other unexpected identification was to a species of marine ribbon worm, 
Cerebratulus longiceps. Because the study site is not in or around a marine habitat this was 
not a feasible food item or a likely contaminant. It was also found in three samples, 
indicating that it was an actual diet item. The first explanation considered was that it could 
actually belong to a terrestrial ribbon worm. Although they are not known to exist in Val 
Verde County, it could be possible that there was a new species there. To test this idea, the 
sequence was again queried using BLAST on GenBank, within the available sequences for 
Geonemertes, the only genus of terrestrial ribbon worms. However, there were no strong 
matches. The next approach was to test the validity of the identification of the GenBank 
sequences. When the diet sequence was queried using BLAST on GenBank, it matched with 
100% query cover and high identity 97-99% to four Cerebratulus environmental sample 
clones (JQ007428-JQ007431) and Cerebratulus longiceps (EF124987.1). The four 
environmental samples (JQ007428-JQ007431) were derived from dust particles of an ancient 
shroud (Barcaccia et al. 2015). The authors found that the sequences were “ascribable” to the 
marine ribbon worm Cerebratulus longiceps based on a strong match to the GenBank entry 
EF124987.1. According to the NCBI GenBank website (www.ncbi.nlm.nih.gov), the entry 
EF124987.1 is from an unpublished study entitled Molecular Phylogeny of Pilidiophoran 
Nemerteans. Therefore there was no additional information regarding the basis for the 
identification of sequence EF124987.1. Next, the sequence (EF124987.1) was queried using 
BLAST in GenBank. If it was a ribbon worm it would be expected that there would be at 
least low matches to other ribbon worm species (There are no other GenBank entries for the 
COI gene of Cerebratulus longiceps but there are at least 88 COI entries for the genus 
Cerebratulus).    Top results from the query did not match any ribbon worm species. Instead 
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the top four matches (below the environmental samples JQ007428-JQ007431) followed by 
the percent query cover and identification were: Fujientomon dicestum (proturan), 
HQ882827.1, 99%|88%, Cyclopoida environmental sample clones (copepod), KP136566.1, 
99%|88%; KP136575.1 99%|88%, and Culex bahamensis (mosquito) JX260644.1, 63%|99%. 
All other results generated were below 50% query cover. These results suggest that the 
Cerebratulus longiceps entry EF124987.1 is not actually a ribbon worm but is another 
arthropod. The taxonomy of these sequences could be determined by collecting, 
morphologically identifying, and then sequencing other arthropods from the study site. 
Following identification, the original authors of the GenBank sequence should be contacted 
in order to change the identity of the existing GenBank entries. GenBank sequence errors in 
quality and sequence identity are a widespread problem (Bridge et al. 2003; Forster 2003; 
Harris 2003) and have been the focus of multiple studies (Longo et al. 2011; Spouge & 
Mariño-Rameríz 2012; Shen et al. 2013) in order to make researchers aware of this problem 
as well as to prevent and identify these errors. 
Contamination was also a concern due to the small amounts of DNA being tested. 
Work areas and all utensils were treated with care and sterilized before use. However, it has 
been reported that reagents from prepackaged kits, such as extraction buffers, etc. have been 
the source of contamination for high-throughput sequencing studies (Glassing et al. 2016). 
This has been reported primarily as bacterial contamination. This would potentially cause 
concern for the 16S dataset but did not seem to be an issue in this study. The types of bacteria 
typically responsible for this contamination were only observed in a single sample. This 
sample contained the palpigrade specimen that was not washed or rinsed prior to DNA 
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extraction. This sample had the highest number of OTUs from the 16S dataset and most 
likely originated from the natural bacterial community on the surface of the palpigrade.  
This study serves as a basis for future study on this topic. Sequences from 
cyanobacteria, arthropods and fungi were detected from within the palpigrade. Additional 
samples for molecular analysis and further field studies should be completed for a more 
thorough understanding of the extent of diversity in the diet and the actual feeding methods. 
Additional work is needed to determine if the arthropods that are being consumed are in the 
adult or larval form. Culturing samples of fungi and cyanobacteria from various locations in 
the habitat could be sequenced, identified, and then compared to the results of the diet 
analysis. Having a database of sequences from the study site would assist greatly in the 
assignment of prey items. If there is a difference in where the species that were consumed are 
found, i.e. throughout the soil or on decomposing arthropods, this could indicate whether 
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PCR conditions for final dataset.-For PCR amplification of the ITS region, a 25 ul 
reaction was used consisting of: 5ul of 5X Phusion Buffer (New England Biolabs, Inc., 
Ipswich, MA), 0.15ul of 50mM MgCl, 1ul of the forward primer ITS3F(10uM), 1ul of the 
reverse primer ITS4R (10uM), 0.5ul of dNTPs (10mM each), 0.25ul of Phusion Polymerase 
– 2U/ul (New England Biolabs, Inc., Ipswich, MA), 3.7ul of DNA template (2ng), and 13.4ul 
of water. The thermal profile was 95˚C for 2 minutes, followed by 95˚C 30 seconds, 55˚C 30 
sec, 72˚C 1 minute, for 5 cycles. Then 35 cycles of 95˚C, 30 seconds, 57.4˚C 30 seconds, 72˚ 
1 minute, 72˚C 10 minute, and a 4˚C hold. 
PCR amplification of the 16S rRNA gene was carried out in 20 ul reactions. 
consisting of: 4ul of 5X Phusion Buffer (New England Biolabs, Inc., Ipswich, MA), 0.2ul of 
50mM MgCl2, 1ul of the forward primer Cyan359F (10uM), 1ul of the reverse primer 
Cyan781R (10uM), 0.5ul of dNTPs (10mM each), 2 ul of BSA (20mg/ml), 0.2 ul of Phusion 
Polymerase – 2U/ul (New England Biolabs, Inc., Ipswich, MA), 3.7ul of DNA template 
(2ng), and 7.4ul of water. The thermal profile was 98˚C for 5 min, 94˚C 1 min, 62˚C-57˚C 1 
min (increasing 0.5˚C per cycle) for 10 cycles, 72˚C 1 min, then 30 cycles of 94˚C 1 min, 
57˚C 1 min 72˚C 1 min, 72˚C for 5 min. 
For PCR amplification of the COI gene, reactions were carried out in 20 ul reactions 
consisting of: 4ul of 5X Phusion Buffer (New England Biolabs, Inc., Ipswich, MA), 1ul of 
the forward primer LepF1 (10uM), 1ul of the reverse primer MLepF1-Rev (10uM), 1 ul of 
the blocking primer (100mM), 0.5ul of dNTPs (10mM each), 2 ul of BSA (20mg/ml), 0.2 ul 
of Phusion Polymerase – 2U/ul (New England Biolabs, Inc., Ipswich, MA), 6ul of DNA 
template (2ng), and 4.3ul of water. The thermal profile was 98˚C for 1 min. then 94˚C 30 sec, 
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45˚C 40 sec, 72˚C 1 min. for 5 cycles, then 30-35 cycles of 94˚C 30 sec, 51˚C 40 sec, 72˚C 1 
min, then 72˚C for 10 minutes (Wilson 2012). 
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